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Plants are useful in studies of metal toxicity, because their physiological responses to diﬀerent metals are correlated with the
metal exposure dose and chemical state. Moreover a network of proteins and biochemical cascades that may lead to a controlled
homeostasis of metals has been identiﬁed in many plant species. This paper focuses on the global protein variations that occur in
a Populus nigra spp. clone (Poli) that has an exceptional tolerance to the presence of cadmium. Protein separation was based on a
two-dimensional liquid chromatography technique. A subset of 20 out of 126 peaks were identiﬁed as being regulated diﬀerently
under cadmium stress and were ﬁngerprinted by MALDI-TOF. Proteins that were more abundant in the treated samples were
located in the chloroplast and in the mitochondrion, suggesting the importance of these organelles in the response and adaptation
to metal stress.
1.Introduction
Cadmium (Cd) is a widespread element in the environment,
mainly from anthropogenic sources. At low concentrations,
it is toxic to microorganisms, plants, and animals. In
humans, Cd intake is normally by ingestion or inhalation,
with the majority of ingested Cd coming from contaminated
foods (meat and plants) and water. Thus the transfer of Cd
from the soil into plants and from Cd deposited from the
troposphere onto edible plants accounts for the majority of
human Cd intake [1].
In agriculture, Cd pollution is an increasing problem due
to soil amendments and to the intensive use of phosphate
fertilizers. In natural environments, Cd is present at concen-
trations of 0.1–0.5mgkg−1, but it may reach concentrations
as high as 150mgkg−1 at contaminated sites. The high
solubilityofCdcausesrapiddistributionintheenvironment,
where it is immediate availability to plants and from these
primary producers can move up through the entire food
chain [2]. On the other hand, the ability of some plants
to absorb and accumulate signiﬁcant quantities of metals
in roots, shoots, and leaves oﬀers a unique opportunity to
remove inorganic pollutants from contaminated media [3].
Laboratory and ﬁeld trials have found that many clones
from the genus Populus seem promising for the removal of
Cd from soil [3, 4]. Poplar plants are ecologically and eco-
nomically attractive due to their fast growth, high biomass
production, and easy propagation through vegetative cut-
tings. Moreover poplars are used for diﬀerent industrial
applications, including renewable energy production.
The use of plants to remediate metal pollution [5]
relies on an understanding of the molecular mechanisms
involved in the uptake, translocation, and sequestration of
metals by plants. Thus, research focusing on genomic and
transcriptomic analyses in plants has been conducted after
metal exposure in ﬁeld trials [6].
A better knowledge of the plant proteome, as a way
of understanding phenotypic plasticity and adaptability in
plants, is required to eﬀectively exploit plant biological
resources [7]. Up to a few years ago, the study of proteomic2 Journal of Biomedicine and Biotechnology
variability was restricted to a few model plants, such
as Arabidopsis thaliana, under a wide range of stresses.
Recently, comparative analysis of proteome proﬁles in plants
following metal exposure has attracted greater interest [8,
9].
Comparative proteomics rests on two main approaches:
(i) the ﬁrst is a “gel-based” method, which uses a two-
dimensional electrophoresis separation of proteins (2D-
PAGE) [10, 11] and (ii) the second is a “gel-less” method,
in which proteins are separated by two-dimensional liquid
chromatography (2D-LC), a technique which promises to
extend the range of protein separation [12, 13]. Using
comparative proteomics, protein variations of the Populus
nigra clone “Poli” grown without Cd were compared to
clones grown with a 50μM CdSO4 treatment, which was
sublethal for this clone [14]. The protein patterns obtained
from plant samples of the two experimental conditions were
compared using a semiquantitative 2D-LC technique. Three
sets of proteins were characterized: (i) more abundant in the
treated sample in respect to the control, (ii) less abundant in
the treated sample in respect to the control, and (iii) equally
abundant in both treated and control samples [13]. Proteins
with altered expression ((i) and (ii)) were digested with
trypsin and identiﬁed by Matrix-assisted LASER desorption
/ ionization time of ﬂight mass spectrometry (MALDI-
TOF/MS).Thecombinationofasoftwarethatcouldquantify
protein diﬀerences after 2D-LC and identify proteins, with
MS technique, gave both qualitative and semiquantitative
evidence of some of the proteome changes due to Cd
treatment in this particular poplar clone.
2.MaterialsandMethods
2.1. Plant Material. Stem cuttings of Populus nigra clone
“Poli” were grown hydroponically for three weeks in
Hoagland’s nutrient solution (one-third strength, pH 6.5
(mol l−1)) [15]. Cuttings were placed in a controlled climate
chamber equipped with metal halide lamps (Powerstar HQI-
TS; Osram, Munich, Germany), which provided a photon
ﬂux density of 300μmol m−2 s−1 for 14h at 25◦C. During
the 10h dark period the temperature was 20◦C. The relative
humidity was 70%–80%. After three weeks, half of the plants
were treated with 50μM CdSO4 for three more weeks. The
hydroponic solution was controlled and maintained at a
steady level with periodic supplements to compensate for
the high transpiration rates of the plants. At the end of
the experimental period, leaves from treated and untreated
plants were sampled according to Zacchini et al. [14],
frozen in liquid nitrogen, and stored at −80◦Cf o rp r o t e i n
extractions. This procedure was repeated three times using
three cuttings from each treatment. Leaves were chosen
for proteomic analysis because of their relative abundance
in the total plant biomass and because their physiological
behaviors (e.g., functions, photosynthesis, respiration, tran-
spiration, etc), correlate strongly with the overall health of
the whole plant. Detection of Cd uptake and translocation
in poplars was previously described by Zacchini et al.
[14].
2.2. D-LC Analysis. Five grams of frozen leaves from each
treatment were ﬁnely ground with a mortar and pestle and
then thawed in 4ml of MgSO4-based extraction buﬀer as
described by Pirondini et al. [13]. Leaf samples from each
treatment were extracted in triplicate for crude total proteins
mixtures, as described below.
Thecrudemixturewassonicatedfor10min,andthenthe
solution was centrifuged at 16000×gf o r5m i na t4 ◦C. The
pellet containing the larger cellular residues was discharged,
and the supernatant was centrifuged at 16000×gf o r3 0m i n
at 4◦C. The lighter phase contained the puriﬁed solubilised
proteins. The puriﬁed proteins solution was loaded onto a
desalted PD-10 column (GE-Healthcare, Uppsala, Sweden).
Proteins were quantiﬁed determining the O.D. with a spec-
trophotometer (Beckman Coulter, Fullerton, CA) at 562nm
utilizing a BCA Protein Assay Kit (Novagen, Merck KGaA,
Darmstadt, Germany). Protein separation was carried out
using a 2D-LC technique (ProteomeLab PF 2D, Beckman
Coulter, Fullerton, CA) following a procedure described
by Pirondini et al. [13]. Equal amounts (1.3mg) of total
protein extract from leaves of each treatment (untreated
or treated for 3 weeks with 50μM CdSO4)w e r el o a d e d
into the 1st dimension high-performance chromatofocusing
(HPCF) column, where protein separation occurred by
isoelectric point (pI). The resulting pH fractions were then
injected into the 2nd dimension high-performance reversed-
phase chromatography (HPRP) column, where separation
occurred by protein hydrophobicity. The eluent from the
2nd dimension column was analyzed by U.V. detector for
O.D. at 214nm. This method provided a more consistent
and sensitive detection of proteins via peptide bonds. Each
protein was then represented by a Gaussian-shaped peak.
2.3. MALDI-TOF Analysis. Eluted proteins were manually
collected from the column in single fractions every 0.2min,
starting from the beginning of the peak area. Half of each
eluted peak was evaporated and suspended in an SDS-PAGE
loading buﬀer and then loaded onto a 12% 1D-SDS-PAGE
gel to check for the number of protein species (data not
shown). Only peaks with a single band in the 1D-SDS-PAGE
gelwereevaporatedbySpeedVacintoaﬁnalvolumeof10μL
for further analysis. Protein reduction was performed by
incubating each fraction with 25mM NH4HCO3 and 2mM
DTT in a water bath at 60◦C for 1h. The alkylation of the
reduced sulfhydryl groups was carried out by adding 1mM
iodoacetamide (IAA), at 25◦C, for 30 minutes in the dark.
1.5μL of trypsin (125μgmL −1)i n5 0 m MN H 4HCO3 was
subsequently added to each fraction and the digestion was
carried out at 37◦C for 24 h. The digested samples were then
puriﬁed with a ZipTipC18 (Millipore, Billerica, MA, USA)
using the procedure recommended by the manufacturer.
1μL of each puriﬁed peptide mixture was spotted directly
onto a stainless steel MALDI target plate with 1μLo fa
saturated solution of α-cyano-4-hydroxycinnamic acid in
0.1%TFA : ACN(2 : 1,v/v).Thesolutionwasdriedatroom
temperature and a spot was produced. Positively charged
ions were analyzed in reﬂectron mode. External calibration
was performed using a ProteomMass Peptide and proteinJournal of Biomedicine and Biotechnology 3
MALDI/MS calibration kit (Sigma St. Louis, MO, USA).
The three detectable peptide fragments were angiotensin II
(human) m/z 1046.542, ACTH fragment 18–39 (human)
m/z 2465.198, and insulin-oxidized B chain (bovine) m/z
3494.651. The spectra were obtained through random
scanning of the sample surface with an ablation LASER.
An average of 100 LASER shots was used to improve the
signal-to-noise ratio. Positively charged ions were analyzed
withaMALDI-LRinTOF/MSmodeinstrument(Micromass
Waters Corporation, Milford Massachusetts, USA). Three
technical replicates from each spectrum were analyzed by
MS, and only peptides common to all of the resolved spectra
were considered for protein identiﬁcation.
2.4. Bioinformatics and Statistical Analyses. Chromatogram
peaks for each pH fraction (hydrophobicity and pI)w e r e
converted into band intensity maps using ProteoVue soft-
ware (Eprogen, Darien, IL, USA). The color intensity of
each map was proportional to the relative intensity of
each chromatographic peak. Chromatograms obtained from
Cd-treated and untreated samples were compared using
DeltaVue software (Eprogen, Darien, IL, USA). Protein
abundance in treated and untreated samples was semi-
quantiﬁed by subtracting the diﬀerence in peak areas for
proteinswiththesamepI andhydrophobicity.Apairedt-test
was used to identify signiﬁcant diﬀerences in abundance of
proteins between the control and Cd-treated samples. Only
pe a k swi t hara t i o>3o r<0.33 between untreated and treated
samples were included in the analysis. These threshold levels
were chosen as being more conservative than those used in
[9].
Peptide mass ﬁngerprinting was carried out using the
Mascot program (http://www.matrixscience.com). Proteins
were identiﬁed by searching through the SWISS-PROT
and NCBI nonredundant databases (limited to Arabidopsis
thalianaandotherplantspecies),aswellasagainstthepoplar
EST database (http://www.populus.db.umu.se/). The follow-
ing parameters were used in browsing the protein databases:
(i) mass accuracy below 100ppm, (ii) maximum of one
missed cleavage by trypsin, (iii) carbamidomethylation of
cysteine, and (iv) oxidation of methionine, where (iii) and
(iv) were considered to be ﬁxed modiﬁcations. The search
was based on the monoisotopic masses of the peptides.
For a positive peptide identiﬁcation, at least ﬁve diﬀerent
predicted peptides had to match the observed masses, and
the matching peptides had to account for at least 20% of the
known sequence.
3. Results andDiscussion
3.1. Protein Separation in Leaves. An important aspect of
evaluating plants for the phytoremediation of metals is
to determine the amount and type of damage to the
leaves. An eﬃcient and metal-tolerant photosynthetic system
allows plants to maintain high transpiration eﬃciency,
which creates a water ﬂux that can drive metals from the
roots and into the stems and leaves where the metal can
be compartmentalized. Poplar clone “Poli” was previously
selectedamong10Italianpoplarclonesashavingthegreatest
ability to accumulate Cd in leaves and stem tissues [14].
Several experiments have previously been conducted to
characterize the Cd tolerance level of the Populus nigra
clone “Poli”. In one study, leaf samples taken from plants
a f t e r2 1d a y so fg r o w t hi nt h ep r e s e n c eo f5 0 μM CdSO4
showed mild or almost no symptoms of chlorosis and
reduction in total leaf area. In comparison, a dose of
50μM CdSO4 halted radical growth and caused symptoms
of leaves chlorosis in other clones in this experiment [14].
Other parameters that distinguished “Poli” clones from the
other poplar clones included Cd leaf accumulation after
21 days (450 ± 30mg/kg d.w.) and a high translocation
factor. These parameters were previously quantiﬁed by
atomic absorption spectrophotometer by Zacchini et al.
[14].
Given the interesting physiological features of the clone
“Poli”, proteomic characterization was conducted to further
understand its response to Cd. This paper describes how a
2D-LC protein separation system, coupled with MS identiﬁ-
cation,canbeusedforcomparativeplantproteomicanalysis.
This technique has recently been reported as improving
semiquantitative comparisons of protein mixtures [12].
T h o u g hi th a sb e e nw i d e l yu s e di nh u m a na n db a c t e r i a l
comparative proteomic studies [12, 16, 17], few papers have
described its application for plants [13, 18]. One of the
advantages of this technique is that a larger amount of
protein can be analyzed at once (up to 10mg) in comparison
to the conventional 2D SDS-PAGE (0.1–0.3mg). One beneﬁt
of this system is that it works with crude total soluble
extracts. This increases the reproducibility of the protein
patterns and avoids the loss of proteins due to sequential
puriﬁcation (e.g., the frequent acid precipitation steps).
These aspects are crucial in comparative proteomic studies
because they also allow the detection of less abundant
proteins.
As leaves from poplar trees have very little protein
and an abundance of insoluble substances such as waxes
and lignocelluloses that may hamper protein solubilisation,
applying a 2D-LC separation technique to plant tissues
extracts is an eﬀective method of detecting plant pro-
teins [19]. A standardized procedure for this method has
previously been developed by Pirondini et al. [13]t o
optimize protein solubilization while limiting instrumental
interference. Recently, a proteomic approach based on a 2D
SDS-PAGE separation system was also applied to poplar
leaf extracts to identify several proteins related to the Cd
stress response [9]. However, as there are as many as 45555
putative proteins that could potentially be sequenced from
the poplar genome [20] and the proteomic approach has
only worked with several hundreds of these proteins to date,
the use of diﬀerent complementary techniques could help to
decode the entire proteome of a poplar species. Thus the 2D-
LC protein separation technique is a suitable complementary
tool that can identify proteins that have been upregulated or
downregulated in response to Cd stress.
Using the 2D-LC separation technique, about 600
proteins were resolved from treated (50μM CdSO4)a n d
untreated (0μMo fC d S O 4) poplar cuttings from Populus4 Journal of Biomedicine and Biotechnology
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Figure 1:Virtual2D mapscreated bythesoftware“ProteoVue” fortwoindependent untreatedsamples.Proteins wereextracted as described
in the Materials and Methods Section. Equal amounts of protein (1.3mg) were loaded into the 1st dimension separation column (HPRP).
This ﬁgure shows the isoelectric point (pI) fractions (from 4.22 to 5.9) for two independent biological replicates.
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Figure 2: Magniﬁed area of a virtual gel obtained after 2nd dimension separation (HPRC), for the 28th pH fraction, and reproduced
by “DeltaVue” software. The protein pattern of untreated plants (0μM CdSO4) is shown in shades of blue on the left and the protein
pattern of treated plants (50μM CdSO4) is shown in shades of yellow on the right. The center column demonstrates the diﬀerences in
protein abundance between the control and the treated protein samples, as indicated by arrows at the peaks/ bands for proteins of diﬀerent
abundances.
nigra clone “Poli”. Data were displayed on six diﬀerent
virtual gels (three technical replicates for each biological
replicate of the control and the treated samples) using
ProteoVue software. A comparison of the protein abundance
in diﬀerentsampleswascarried outusing DeltaVue software.
Figure 1 shows the reproducibility of the protein proﬁles
from two technical replicates of the control sample. Thus
diﬀerences between the treated and untreated samples can be
determined by matching the corresponding peaks between
samples. This concept is further demonstrated in Figure 2,Journal of Biomedicine and Biotechnology 5
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Figure 3: A “ProteoVue” 2D map of a leaf protein extract from Populus nigra clone “Poli”, grown for 3 weeks in nutrient solution
supplemented with 50μM CdSO4.T h ex-axis is in isoelectric point (pI) units from 4.0 to 8.0. The y-axis displays increasing hydrophobicity.
The color scale of the bands represents the relative intensity of each band by UV detection at 214nm. The proteins detected by MALDI/TOF
analysis are numbered and highlighted with yellow arrows.
by highlighting diﬀerences in protein abundance in Fraction
28.
Of the peaks that were separated from the two treat-
ments, 126 peaks (13.6%) were three times more or less
abundant in either the treated or untreated samples. 50 %
of the 126 peaks had an isoelectric point (pI)b e t w e e n8
a n d4 ,3 3 %h a dap I>8 (basic), and 17% had a pI<
4 (acidic). Almost half of the 126 identiﬁed peaks had an
absorbance less than 0.05 at 214nm, which is under the
limit of detection recommended by the manufacturer for
MS analysis. Another limitation of all proteins separation
techniques is the possibility that there are multiple protein
species in a single spot for 2D SDS-PAGE gels, or in a
single peak for 2D-LC. Thus each peak eluted out in a
single fraction was analyzed by 1D SDS-PAGE, for protein
singularity (data not shown). Twenty peaks were clearly
identiﬁed as single bands on the gel and were further
characterized by MS. As the remaining peaks could not
clearly be distinguished as individual bands, they were not
analyzed any further.
3.2. Protein Identiﬁcation by Mass Spectrometry. Proteins
were identiﬁed by eluting out the same peaks from both
untreated and Cd-treated samples and then analysing
them by MALDI-TOF mass spectrometry. The result-
ing tryptic peptides were entered into the SWISS-PROT
and/or NCBI nonredundant databases. In addition, a
BLAST search was performed on the EST poplar database
(http://www.populus.db.umu.se/) to conﬁrm the reliability
of the results. Results indicated that there was a consistent
correspondencebetweentheexperimentalandthecalculated
pI values for most of the analyzed proteins. The few excep-
tions were likely due to post-transductional modiﬁcations of
these proteins. Similar inconsistencies have been reported by
other authors and have been attributed to the inﬂuence of
ion concentrations in both the liquid and in the adsorbed
phase because a small section of the charged protein appears
to bind to the ion-exchange resin [13].
Comparison with the Arabidopsis thaliana protein
databasegavethehighestscoreforalmostalltwentyproteins.
This result conﬁrms the consistency in synteny between
Arabidopsis and Populus for both their genomes and also
their proteomes [21]. The proteins identiﬁed by MS and
their putative function/location are shown in Figure 3 and
in Tables 1 and 2.
Several of the identiﬁed proteins were more abundant
in the treated samples than in the untreated samples. For
example, Aquaporin NIP-2 is a protein that belongs to the
large family of major intrinsic proteins (MIPs) and is present
in many eukaryotic organisms from yeast to humans [22,
23]. The physiological role of aquaporins in plants is not
well understood, but reports indicate that they may play
an important role in transport selectivity and gating (i.e.
opening and closure of pores) and can help transport or
diﬀuse physiologically important molecules such as CO2,
H2O2, ammonium (NH+
4), and its gaseous conjugated base
(NH3, ammonia) through the cell membrane. Aquaporins
can also aid in the uptake of metalloids such as As and
Sb and are involved in carbon ﬁxation mechanisms, cell
signaling transduction, stress responses, and cell osmotic
and pH stabilization [24]. Another protein identiﬁed as6 Journal of Biomedicine and Biotechnology
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Table 2: Functional classes and putative locations of the proteins identiﬁed by MS.
Protein class Protein name Localization Predicted function or domains
Uptake Aquaporin NIP-2 Plasma membrane Channel/ pore transporter
Proteolysis Thylakoidal processing peptidase Chloroplast
membrane Peptidase activity
Stress proteins Cysteine proteinase inhibitor Cytosol
Inhibition of exogenous proteases such as those
present in digestive tracks of insects and
nematodes
Aldo/keto reductase Cytosol Oxidoreductase activity involved in response to
cadmium ions
Cytochrome P450 Endoplasmic
reticulum
Ferulate 5-hydrolase activity, monoxygenase
activity
Dehydration responsive protein Golgi apparatus Biological process unknown
ClpB, chloroplastic Chloroplast ATP binding, ATPase activity
ATP-dependent Clp Chloroplast Protease activity
Metabolism NADPH isocitrate dehydrogenase Mitochondrion TCA cycle
CRS2A, chloroplastic intron
splicing facilitator Chloroplast Aminoacyl-tRNA hydrolase activity
Ribulose 1,5-bisphosphate
carboxylase/oxygenase large subunit Chloroplast Calvin cycle
Nucleotide translocator Mitochondrial inner
membrane ATP : ADP antiporter activity
Acetyl-CoA carboxylase Mitochondrion Fatty acid metabolism
Predicted protein Mitochondrion Succinyl-CoA synthetase subunit beta
Regulatory protein APK1B kinase Chloroplast Serine/ threonine activity
GTP binding protein Mitochondrion Protein targeting, sorting and translocation
Predicted protein — Serine/ threonine kinase domain
Glutathione pathway Hydroxyacylglutathione hydrolase 1 Mitochondrion
Thiolesterase that catalyzes the hydrolysis of
S-D-lactoyl glutathione to form glutathione
and D-lactic acid
Predictions were obtained by checking putative protein acquisition with the annotation in SWISS-PROT, NCBI, and databases.
being particularly abundant in the Cd-treated samples was
the thylakoidal processing peptidase, which is a chloroplast
enzyme relevant for protein maturation within organelles
[25].
Kinase 1B (APK1B), a protein homolog in Arabidopsis,
was also found to be more abundant in leaves of Cd-
treated plants. It is involved in phosphorylation of tyrosine,
serine, and threonine residues and contributes to signal
transduction in the chloroplast [26]. In animal cells, protein
tyrosine kinases have been identiﬁed in both receptor and
cytosolic forms and play a role in cell growth, development
and the oxidative stress response [27].
Two proteins involved in the stress response, ClpB
and ATP-dependent Clp, were more prevalent in the Cd-
treated samples. The heat shock protein ClpB is a member
of the caseinolytic protease (Clp) family, whose members
act as molecular chaperones in many organisms [28, 29].
ClpB is found in the chloroplastic stroma and helps with
thermotolerance. In Arabidopsis thaliana, ClpB-p knockouts
mutants did not survive for long as they failed to accumulate
chlorophyll and could not properly develop the chloroplasts.
Thus, in plants, ClpB proteins are not limited to the heat
stress response, but play an essential role in chloroplast
development under diﬀerent stress conditions (i.e., exposure
to toxic metals) [30]. The related protein, ATP-dependent
Clp, is also involved in chloroplast functions essential for cell
survival. The recent characterization of several chloroplast
proteases determined that ClpRs are the noncatalytic sub-
units of the Clp core proteolytic complex [31].
The chloroplast-speciﬁc NADPH isocitrate dehydroge-
nase was also more abundant in the Cd-treated samples,
along with CRS2, a putative chloroplast RNA Splicing 2
factor that is required for splicing of group II introns.
The importance of RNA splicing, and alternative RNA
splicing patterns for plant survival in response to stress
conditions, has been deduced using a transient expression
system in monocots [32]. In plant chloroplasts and in animal
mitochondria,diﬀerentmetabolicreactionsarecoupledwith
NADPH, including those involved in thiol group reduction.
Mitochondrial NADP+-dependent isocitrate dehydrogenase
is an enzyme linked to the above mentioned process,
although the precise role of this enzyme is still unknown. It
was suggested that this protein may be a regulatory switch
in the tricarboxylic acid cycle ﬂux and in the reductive
modulation of alternative oxidase (AOX) [33]. Castro-
Guerrero et al. [34] have demonstrated that an enhancement8 Journal of Biomedicine and Biotechnology
inAOXappearstoberelatedtotheCd-resistancemechanism
developed in the algae E. gracilis. When their primary
respiration pathway is impaired, the algae switch to an
alternative oxidative route to maintain a relatively unaltered
level of metabolism [34].
Interestingly, a cysteine proteinase inhibitor was more
abundant in the Cd–treated leaves. This enzyme can poten-
tially improve resistance to biotic stresses such as pathogens
and insects in both animals and plants [35, 36]. An aldo-
ketoreductase protein, previously found in animals and
recently identiﬁed in plants in response to stress, was also
more abundant after Cd stress. Oberschall et al. [37]h a v e
shown that a novel plant NADPH-dependent aldo-keto
reductase functions in a detoxiﬁcation pathway which can
prevent stress damage.
Another protein more abundant in the Cd-treated plants
isamemberofthecytochromeP450family,whichhaveakey
role in the response to abiotic and biotic stresses both in ani-
mals and plants [38, 39]. Information on the mechanism of
how metal ions inhibit NADPH-cytochrome P450 reductase
is limited in comparison with the eﬀect of organic pollutants
on both poplars and Arabidopsis [40]. The cytochrome P450
enzymes also regulate the production of the plant hormone
abscisic acid (ABA). As ABA 8 -hydroxylase belongs to a
cytochrome P450 family, it implies that this protein plays
a major regulatory role in controlling the level of ABA in
plants[41].ABAisinvolvedinapoptosis,senescence,andleaf
shedding, and ABA regulation is essential for maintenance of
plant ﬁtness in abiotic stress conditions, such as drought and
also Cd stress [42].
Eight proteins were identiﬁed as being less abundant
after the Cd treatment. A RuBisCo large subunit was found
to be more abundant in the untreated samples, as the
photosynthetic system was likely damaged or less eﬃcient
in the Cd-treated plants. In this case, the measured and
the theoretical pI values were diﬀerent, but the “score” and
“coverage” parameters of the protein were high enough to
conﬁrm its identiﬁcation. In literature, examples of post-
transductional modiﬁcations to the large and small subunits
ofRuBisCosuchasacetylations,deformylation,methylation,
and phosphorylation support the possibility of diﬀerent pIs
[43].
Four mitochondrial proteins were found to be less abun-
dant after the Cd treatment. (1) Hydroxyacylglutathione
hydrolase 1 is a mitochondrial precursor that functions as
a thiolesterase and catalyzes the hydrolysis of S-D-lactoyl-
glutathione to form glutathione and D-lactic acid. This
enzyme has been described in animals and in plants [44]
and the ability of glutathione to bind Cd has been well
established [45]. (2) Acetyl-CoA carboxylase is an enzyme
that catalyzes the ﬁrst step in fatty acid synthesis, the
carboxylation of acetyl-CoA to malonyl-CoA. Two physically
distinct types of this enzyme are present in nature, and
most plants have both forms. The heteromeric form (four
subunits similar to those found in prokaryotes) is found in
the plastids, where de novo synthesis of fatty acids occurs.
The homomeric form (single large polypeptide similar to
that found in eukaryotes) is found in the cytosol. This
enzyme may play a role in the oxidative stress response, (i.e.,
after exposure to metals) [46]. (3) A GTP-binding protein.
G proteins bind to heterotrimeric GTP-binding proteins and
transduce extracellular signals into intracellular signals by
activating eﬀector molecules (i.e., adenylate cyclases), which
catalyze cAMP formation. cAMP signaling pathways have
been reported as being able to protect cells from ionizing
radiation-induced apoptosis. However the mechanism of
this protection is still unknown [47]. (4) A nucleotide
translocator is protein known to be involved in the alteration
of mitochondrial membrane permeability for free radicals
and metal ions in animals and plants [48, 49].
Another paper was recently published on proteomic
responses in poplar leaves after exposure to a prolonged
Cd treatment [9] .T h ep a p e r sd i ﬀered in (i) plant material:
Populus nigra versus Populus tremula, (ii) length of the Cd
treatment and concentration: 50μMC df o r2 1d a y sversus
20μM Cd for 28 days, (iii) protein extraction, separation
and identiﬁcation procedures: 2D-LC versus 2D-PAGE gel,
and (iv) threshold level for the comparative analysis: 3-fold
versus 1.5-fold ratios. However, some common features were
found with respect to the classes and the cellular location
of some of the identiﬁed proteins, including stress proteins,
carbohydrate and general metabolism-related proteins, and
proteolysis proteins: Table 2 and [9]. Kieﬀer et al. [9]
concluded that after the ﬁrst “alarm phase” there was a
stabilization of the stress response and plants remained
photosynthetically active. In addition, plants increased their
energy supply by activating mitochondrial respiration. In
comparison, this paper determined that some regulatory
proteins such as homolog of a GTP-binding protein and
the protein kinase APK1B that were more abundant after
Cd treatment (21 days) were not detected in the Populus
tremula clone [9]. It was hypothesized that these proteins
may account for the robust response by Poli clone to
Cd stress. The synthesis of these proteins could limit the
damages and/or optimize the diﬀerent pathways useful
for Cd adaptation and Cd homeostasis (Table 2). To date,
no studies have been found regarding the regulation of
these proteins under Cd stress, probably due to their low
abundance in plant samples, conﬁrming the value of this
separation technique.
4. Conclusion
Environmental exposure to toxic elements such as Cd forces
bothplantsandanimalstoenterintoa“tradeoﬀ”situationto
minimize the impact of these compounds on the organism.
“Tradeoﬀs” may include the activation of a stress defence
response, reduction of metabolic rate, and/or activation of
novel metabolic routes. A phenotypic study of the adaptive
response is technically more diﬃcult than transcriptomic
analysis. For instance, the proteomic analyses described in
this study and in Kieﬀer et al. by [9] focus on only a
small percentage of the putative poplar proteomes. However,
phenotypic plasticity and environmental adaptations from
“tradeoﬀs” between gene expression and environmental
conditions would be diﬃcult to quantify without protein
analysis. Comparative proteomics of metal treated andJournal of Biomedicine and Biotechnology 9
untreated plants (e.g., Poli) is likely to be applicable to
multiple areas of phytoremediation in future. In particular,
proteins with altered synthesis due to changes in gene
expression may be used to design molecular markers for the
selection of more advantageous genotypes.
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